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Abstract 


This paper reports a hydrothermal conversion of MnOOH needles into orthorhombic LiMnO, nanorods for lithium ion battery application. XRD 
investigation indicated phase conversion during the Li ion incorporation, and several intermediate phases were formed during the hydrothermal 
reaction. SEM observation of the sample powder revealed morphological changes during the process, showing that LiOH, not only worked as the 
Li ion source during the incorporation, but also served as the corrosive media to create nanorod like shape. TEM observation revealed the single 
crystalline nature of the nanorods and a preferred growth direction along b axis direction was also determined. o-LiMnO> nanorods prepared by 
such hydrothermal routine showed high electric capacity and stable cyclability at current density of 1/10C, indicating potential application in the 


lithium ion battery field. 
© 2007 Published by Elsevier B.V. 
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1. Introduction 


With the development of electronic technology, demands for 
portable electronic devices increase quickly. Li-ion secondary 
batteries as one kind of portable power sources are considered 
potential candidates in this field, since they own some advan- 
tages over the other energy source, such as long cycle life, 
light weight, low cost and environmental compatibility [1-3]. 
Commercial applications of batteries based upon LiCoO2 cath- 
ode material have been employed in the field since its first 
commercialization by Sony company in 1990s, with high per- 
formances such as high capabilities and elevated-temperature 
cycling life. However, concerns related to the high cost and 
environmental toxicity remained as two big drawbacks and 
required further development within the lithium ion battery sys- 
tem. Recently, lithium manganese oxide compounds attracted 
researcher’s attention for the use as an alterative choice to replace 
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the above-mentioned LiCoOz2, since they showed lower cost 
and better environmental compatibility when compared to the 
previous cathode material [4-6]. LiMnOz materials (both in 
monoclinic and orthorhombic structure), with a high theoretical 
capacity of 285mAhg™!, exhibiting a better cyclability even 
between 2 and 4.5 V versus Li*/Li, showed a giant potential for 
industry application among the other lithium manganese oxides. 

LiMnO2 cathode material has been studied by many 
researchers. The monoclinic phase with layered structure was 
considered very difficult to obtain [7,8], so many works were 
done with orthorhombic phase (hereafter referred as o-LiMnO2). 
The o-LiMnO 2 phase has been commonly prepared with dif- 
ferent methods, such as solid-state reaction at high temperature 
[9-12], microwave irradiation aided process [13], reverse micro- 
emulsion preparation [14] and so on. Recently, electrochemical 
investigation of o-LiMnO2 showed that the capacity and cyclic 
behavior are greatly influenced by the synthetic routes and low 
temperature synthesized o-LiMnO> offered better properties 
than the cathode material prepared by solid-state reaction at 
relatively high temperature. Therefore, some hydrothermal rou- 
tine that operated at relatively low temperature were developed 
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to prepare the material in nanoscale, and related electrochem- 
ical properties were reported [15-23]. Among those reports, 
Mn203 [15-17] or Mn30, [18-23] were used as the main Mn ion 
source which reacts with LiOH solution to form the o-LiMnO). 
However, the process how the o-LiMnO; cathode material was 
formed during the hydrothermal routine and how to control the 
growth manner of the nanoscaled crystals have not been reported 
yet. 

In this paper, a hydrothermal reaction was designed to prepare 
nanorod like o-LiMnOp using needle like MnOOH as a precur- 
sor. The phase conversion and morphological evolution during 
the hydrothermal reaction were investigated. Electrochemical 
tests revealed a stable capacity around 150 mAh g™! at current 
density 0.1C, showing potential application of the material in 
lithium ion battery field. 


2. Experimental section 


The rod like o-LiMnO, cathode material was prepared 
through a two-step hydrothermal routine. All the raw materi- 
als employed in the experiment were of analytical grade and 
not further purified in the experiment. A need like MnOOH 
was firstly synthesized to serve as precursor for the preparation 
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of the o-LiMnO2 nanorods [24,25]. In a typical process [24], 
0.6g Mn203, purchased form Aldrich, was added into 30ml 
7% HCI solution, with a continuous stirring for 10 min. Then 
the solution was transferred into a Teflon linked autoclave and 
kept at 100°C for 5h to dissolve the oxide. When the autoclave 
was cooled down to room temperature, solid sodium hydrox- 
ide was added to the solution to adjust the PH value to ca. 9. 
The autoclave was sealed again and kept at 180°C overnight 
for 20h. After the autoclave was cooled, a brown precipitate 
was collected and washed with distilled water three times and 
finally dried at 60°C for 20h. The obtained powder was con- 
firmed to show a MnOOH structure by XRD investigation. 
o-LiMnO> nanorods were prepared using the above-mentioned 
precursor. Six grams of LiOHH20 was dissolved in 40 ml dis- 
tilled water, and then 1 g of the MnOOH material was added. 
After stirring for 10 min, the solution was further ultrasonically 
treated for 10 min. The above-prepared solution was transferred 
into an autoclave and kept in an electric oven which was pre- 
viously set at 200°C. After different time periods (2, 3 and 
4h), the autoclave was picked out and rapidly cooled down to 
room temperature in flowing water. The finally obtained precip- 
itates were collected, washed with distilled water and dried at 
60°C. 
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Fig. 1. XRD patterns of the products after hydrothermal treatment under 200 °C for different time period, showing the phase transition during the Li ion incorporation. 
(a) Original MnOOH precursor with a monoclinic structure, (b) sample obtained after 2h treatment, showing the intermediate tetragonal Mn304 phase, (c) sample 
obtained after 3 h treatment, implying the existence of cubic Lig.27Mn2Og phase, and (d) pure o-LiMnoO; after 4h hydrothermal treatment. 


540 Q. Liu et al. / Journal of Power Sources 173 (2007) 538-544 


The characterization of the precursor and the obtained pow- 
der products were conducted with various methods. Both the 
MnOOH precursor and the hydrothermally prepared products 
were examined by means of XRD, SEM and TEM to confirm the 
phase composition, morphological change and preferred growth 
direction. X-ray diffraction (XRD) patterns were obtained on a 
JEOL-JDX3500 X-ray diffractometer employing Cu Ka radia- 
tion (1.54178 nm), with a scanning rate of 0.02° per step in the 
26 range from 10° to 70°. The morphologies were observed with 
a JEOL-JSM-6700 field emission scanning electron microscope 
(FESEM). TEM observation was carried out with a field emis- 
sion TEM, Hitachi HF-3000S, equipped with a CCD camera for 
the image process. 

The electrochemical property of the o-LiMnO, nanorods 
was evaluated with coin type cell. Cathodes were prepared by 
mixing the hydrothermally prepared oxide powders, acetylene 
black, and polyvinylidene fluoride (PVDF) in the weight ratio of 
80:10:10 with N-methyl pyrrolidone (NMP) served as the sol- 
vent. A black slurry was finally obtained, which then was pasted 
on an aluminum foil and dried for 2h at 120°C. The dried foil 
was transferred to a vacuum oven and kept under 80 °C overnight 
for further drying. Coin type cell was assembled with the cathode 
as a working electrode, and lithium foil as a counter electrode in 
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an Ar-filled glove box. The cells were first charged and then dis- 
charged between 2.0 and 4.5 V versus metallic Li with a current 
density of 1/20C and 1/10C at room temperature. 


3. Results and discussion 
3.1. Phase transition during the formation of o-LiMnO2 


It hade been reported by several research groups that o- 
LiMnO, can be obtained using MnOOH and LiOHH20 as 
the starting materials [10,26]. However, the process how the 
o-LiMnO2 phase was formed had not yet been discovered. 
Recently, Williams [27] reported the kinetic process of the incor- 
poration of Li into MnOOH to form o-LiMnOy using in situ 
X-ray and neutron diffraction method, in which a direct reaction 
between MnOOH and LiOH to form o-LiMnO, was assumed. 
However, in our case, some intermediate phases were formed 
during the Li ion incorporation, implying a complex reaction 
during the hydrothermal process. A detailed XRD investigation 
of the samples prepared with different reaction time is shown in 
Fig. 1. Fig. la shows the XRD pattern of the MnOOH precur- 
sor, where a very strong reflection peak was observed, beside 
several weak peaks. Those reflections can be indexed into a 


EL  100kV X10000 Tym WD 75mm 


NONE S kV X20000 ium WD 6.9mm 


Fig. 2. SEM micrograph of sample powders with different hydrothermal time. (a) The MnOOH precursor, (b) 2 h incorporation, (c) 3 h incorporation, and (d) 4h 


incorporation. 
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monoclinic phase of MnOOH according to standard powder 
diffraction file PDF 74-1632. After hydrothermally treated in 
LiOH solution for 2h, the XRD pattern looked quite different, 
and the monoclinic MnOOH phase disappeared, as shown in 
Fig. 2b. A careful investigation into the pattern revealed that the 
pattern can be indexed into two phases, tetragonal Mn304 and o- 
LiMnOz3. It can be recognized from the pattern that Mn3 O04 phase 
exists in the powder as the main component while the amount 
of o-LiMnOy is very small. The formation of Mn3O, implied 
that a slight reduce of Mn** ions happened in this stage. After 
hydrothermal treatment of 3 h, another phase was identified, as 
can be seen from Fig. 1c. A very strong reflection peaking at 20 
at ca.19.25° was observed, indicating the existence of a lithium 
deficient lithium manganese oxide phase, a cubic Lig. 2Mn2O4 
phase. The formation of such cubic Lig.2Mn2Og4 phase (with Mn 
valence of 3.9) could be explained by the dissolving of Mn** 
from the Mn??Mnz??04 into the LiOH solution [28] accord- 
ing to the mechanism proposed by Myung et al. To keep the 
valence balance, the Mn** ions in 8d sites will be oxidized and 
the valence be increased. According to this mechanism, we pre- 
sume that after the dissolution of Mn** ions, Li” ions will occupy 
the 4a sites and therefore results in the formation of Lio. 2Mn204 
and finally LigMn2Oq4 phase will be obtained with further Lit 
ions intercalation. The LizMn QO, will later be converted into 
LiMnO) phase with further hydrothermal treatment and large 
amount of o-LiMnO> appeared after 4 h, as shown in Fig. 1d. All 
the intermediate phases disappeared, but the o-LiMnO 2 phase 
remained. All the reflections can be indexed to the o-LiMnO2 
structure according to PDF 86-0356. The above results strongly 
indicate that the reaction during Li ion incorporation was much 
more complicated, phase transition accompanied by the valence 
change of Mn ion occurred throughout the hydrothermal process. 
An interesting and important fact is the observation of tetragonal 
Mn30y4 during the hydrothermal process, which indicated that 
the Mn3Q, served as an intermediate phase for the hydrother- 
mal reaction, showing good accordance with the reports by 
the other groups employing Mn;0O, as the precursor [18-21]. 
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A big difference between the MnOOH and Mn;0O, routine is 
the reacting time required to form the o-LiMnOz. In our case, 
only 4h are needed to get well crystalline nanocrystals, while 
4 days are required in the Mn30, routine. Although the reason 
is not clear at present, such big difference suggested that the 
MnOOH routine has a giant advantage over the Mn304 routine 
in the viewpoint of energy saving and thus has great potential in 
practical application. 


3.2. Morphological evolution during the Li ion 
incorporation 


The original purpose of the experiment is to prepare o- 
LiMnO> in some special shapes, such as nanowire or nanorod. So 
we followed Du’s method [24] to synthesize rod like MnOOH to 
serve as an precursor, hoping that the rod like shape will be kept 
after the Li ion incorporation. Although nanorods were obtained 
after the hydrothermal reaction, but the forming mechanism is 
quite different from what we thought before. SEM observation 
of the sample powders obtained at different hydrothermal time 
revealed a morphological change during the lithium incorpora- 
tion. The SEM micrograph of the starting MnOOH precursor 
shown in Fig. 2a revealed needle like structures, with diame- 
ter around several hundred nanometer, length about ten micron. 
After 2h incorporation, most of the needle like structures dis- 
appeared, and new crystals with platy shape and big size were 
observed, as shown in the bottom left inset in Fig. 2b. A typ- 
ical morphological change was also observed in the center of 
the micrograph, where original needle like MnOOH crystal was 
observed, with some tiny crystals adhered. Such image strongly 
implied that the MnOOH needles were corroded by the high con- 
centrated LiOH solution, and the tiny crystals can be regarded 
as the residual of the original MnOOH precursor which later 
were converted into Mn304 crystals with platy shape. After 3h 
hydrothermal treatment, all the tiny crystals disappeared, platy 
structures, with irregular shape, were observed, as shown in 
Fig. 2c. After 4 h treatment, the platy crystals disappeared again, 
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Fig. 3. A scheme showing the formation of 0-LiMnO> nanorod. 
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rod like o-LiMnO;, crystals, with obvious edges, were observed 
in Fig. 2d. The above morphological changes during the lithium 
incorporation greatly indicated that LiOH played two different 
roles during the process, one as the reaction material to form the 
final o-LiMnObz, and the other as the corrosive medium which 
caused the morphological change due to the highly concentrated 
alkali LiOH solution. 

Based on the above XRD investigations and SEM observa- 
tions, the reaction process during the Li ion incorporation can 
be summarized, and explained schematically in Fig. 3. In the 
first step, needle/rod like MnOOH precursors were eroded into 
tiny particle like crystals, and then those tiny crystals were trans- 
ferred into platy intermediate tetragonal Mn304. Only a small 
amount of the crystals were converted into o-LiMnO3. In a sec- 
ond step, the well intermediate phases was further eroded into 
small pieces with irregular shape, and lithium ion incorporation 


took place at the same time and Li deficient Lig.2Mn2O4 phase 
was formed. And finally, after the formation of Lig.2Mn Oa, fur- 
ther Lithium incorporation and corrosion continued and finally 
pure phased o-LiMnO) was formed. 


3.3. Growth manner of the o-LiMnO?2 nanorods 


TEM observation of the nanorods are shown in Fig. 4. In 
Fig. 4a, a single nanorod was presented, with a few fragments 
adhered on the surface. A high resolution TEM micrograph of 
the tip of the nanorod is shown in Fig. 4b, from which clear 
fringes were observed, illustrating the single crystalline nature 
of the nanorod. The spacing between the two sets of the fringes 
were measured as 0.592 and 0.281 nm, showing good agree- 
ments with lattice planes of (010) and (00 1). A FFT image of 
Fig. 4b is shown in Fig. 4c, where calculated electron diffraction 


Nanorod Direction 


0.592nm 


Fig. 4. TEM observation of LiMnO2 nanorod, indicating a preferred growth along b axis. (a) A single nanorod, (b) HRTEM of the nanorod, showing the single 
crystal nature and preferred growth, and (c) FFT image of HRTEM, revealing an electron diffraction along [1 00] zone axis. 
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was observed. The detailed indexation of the diffraction pattern 
showed a orthorhombic structure for LiMnOz nanorod, with 
[100] zone axis. Furthermore, the nanorod direction (shown 
in Fig. 4b) was observed to parallel to 0 1 0 direction, implying 
that the nanorod has a preferred growth along b axis. 


3.4. Electrochemical behavior of the nanorod o-LiMnO2 


The Li/o-LiMnO> cells were tested at current densities of 
1/20C and 1/10C in the range between 2.0 and 4.5 V at room tem- 
perature (25 °C), as shown in Fig. 5a. In the case of the current 
density of 1/20C, two plateau around 4.0 and 2.9 V appeared, 
which can be ascribed to the phase transition during the cycling 
from o-LiMnO; to spinel phase since the different plateau rep- 
resents that Li intercalation on different sites, tetrahedral site 
and octahedral site in the cycled-induced spinel LiMn204. The 
length of the 4 V plateau is getting longer, while that of 2.9 V 
plateau is getting shorter in further cycling, showing the increase 
in the spinel phase with the increasing cycles. The change in the 
capacity is also observed. The capacity of the powder after the 
first cycle is estimated around 260 mAh g~!. After three cycles, 
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Fig. 5. Electrochemical properties of the prepared o-LiMnO, nanorod, showing 
high electric capacity and stable cyclability of the prepared cathode material. (a) 
Cycling curves of the Li/o-LiMnO) cells at current density of 1/20C and 1/10C, 
and (b) electric capacity of the o-LiMnO> cathode at different current density. 


the capacity gradually increased almost to the theoretical capac- 
ity (280 mAh g7!) and then decreased dramatically. After seven 
cycles, a very large capacity loss (86 mAh g7!) was observed, as 
shown in Fig. 5b, left side. However, when the cell was cycled 
under a high current density, 1/10C, a stable electrochemical 
property was observed, as shown in Fig. 5a at the bottom. Both 
the plateau at 4 and 2.9 V are very stable, and the capacity loss 
after 11 cycles is very small (less than 15 mAh g7!), a stable 
capacity around 150 mAh g7! was obtained, as shown in Fig. 5b. 
The capacity we got by the so designed MnOOH routine is 
almost the same compared to the reports by the other researchers 
[18-21], and thus suggests potential application in the lithium 
ion battery industry. Further investigation on increasing the sta- 
bility of the cathode during the cycling is going on and will 
reported later. 


4. Conclusions 


In summary, we demonstrated in the paper a hydrothermal 
routine for the preparation of orthorhombic LiMnO) nanorods 
for Li ion battery application. Phase conversion was observed 
during the Li ion incorporation process, in which several 
phases were identified as the intermediate phases. Morpho- 
logical changes were also observed during the hydrothermal 
process, indicating that LiOH played two important role dur- 
ing the nanorod formation, one as the intercalating ion and 
the other as corrosive media. High resolution TEM observa- 
tion revealed the single crystalline nature of the nanorods and 
a preferred growth direction along b axis direction was also 
determined. Nanorods prepared by such hydrothermal routine 
showed high electric capacity and stable cyclability at current 
density of 1/10C, showing potential application in the lithium 
ion battery field. 
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